Abstract: Inexpensive, accelerometer-equipped smartphone is used for monitoring and documenting recovery progress after elbow surgery. We can identify four distinct recovery phase.
Introduction
Smartphones are often equipped with accelerometers, allowing for measuring their movements. Due to their computing power, programmability, and low price compared to professional medical equipment, they are increasingly being used for quick, non-critical assessment of various disorders, e.g. tremor [1] or gait [2] , monitoring falls [3] and user physical activity in general [4] . The present study investigates the usability of an accelerometer-equipped smartphone for monitoring recovery after elbow surgery. A patient who has had an elbow fracture and luxation and whose elbow was fixated for six weeks using a surgically implanted Elbow Fixator [5] (Orthofix, USA), was telemetrically monitored using an accelerometer-equipped smartphone from the beginning of physical therapy, on the sixth day post surgery, to the 60 th day. A limiter was attached to the elbow fixator to prevent the extension from exceeding about 30°. As a side effect, it also limited the flexion to about 150°.
Methods
As a part of physical therapy, the patient performed a simple exercise, repeatedly flexing and extending the injured elbow as far as possible, once-to-twice a day for one minute. The patient held the upper arm horizontally on a flat surface. On the wrist, the patient attached a smartphone (Nexus 1, Google, USA) using an ordinary phone armband (Nokia, Finland). The smartphone was equipped with custom measurement software. At the beginning of the exercise the patient would start the monitoring program on the phone. The program would sample the acceleration values for the x, y, and z-axis at an irregular rate of 25.5 ± 4 samples/s for one minute and upload the data onto a server on the Internet over a public mobile communication network. The data were stored in a plain text, comma-separated-values file. Each sample consisted of the sampling time (milliseconds since the start of the measurement) and the accelerometer values along the three axes (m/s 2 ).
For analysis, samples with excess acceleration (less than 8.8 m/s 2 and greater than 10.8 m/s 2 ) were removed from measurement recordings. This was done to ensure that the acceleration vector closely approximates the Earth's gravity. Each measurement was processed by removing frequencies above 1.5 Hz by a software-implemented lowpass filter. The dominant non-zero frequency for the signal was taken as the basic motion frequency (number of flexion/extension cycles per second). The flexion angle for each sample was computed as the angle between the acceleration vector and the plane perpendicular to the smartphone's longest axis (the smartphone's height). The motion range between the maximum flexion and extension was determined for each sample as the difference between the greatest and the smallest angle for all samples around it within a window corresponding to the dominant period of the signal (inverse dominant frequency). The median over all sample ranges in a measurement was taken as the overall range for the measurement. Measurements with obviously erroneous data (excessive peak accelerations, frequencies > 0.9 Hz, large oscillations in range across the measurement) were manually removed before plotting the progress of the motion range over time. Those measurements were, however, kept for plotting the progress of motion frequencies. The accuracy of smartphone measurement was validated by manual measurements on photographs of the injured arm in flexed and extended position. Photography-based measurement has been proven to be more accurate than clinical goniometry [6] . The measurement was performed by drawing lines through the screws holding the elbow fixator in the bone and measuring the angle between them. The difference to the median range, as measured by the smartphone, was less than 3°.
Results
The measurements show an increase of the extension/flexion range of the injured arm in the course of recovery, although not at a uniform pace. From the frequency graph four phases can be identified: 1. From the beginning of the physical therapy to day 18 post surgery: The range increases almost linearly from around 90° until the maximum range allowed by the limiter (around 120°) is reached, while the frequency remains steadily between 0.1 and 0. 
Discussion
Accelerometer-equipped smartphones can be used in physical therapy for measuring motion range of the elbow joint. Measurements on a patient during a 60-day period after surgery provide interesting insights into the recovery progress. It has not been proven, but it is assumed that such monitoring also gives an incentive to the patient for performing exercises. Further research on a population of patients is needed to validate this assumption.
The described infrastructure allows care providers to monitor recovery progress without requiring patient's physical presence. Also, for on-site physical therapy, the therapist can use the described system to objectively assess and document recovery progress. The usage of the smartphone is simple and needs no special skills or training. The smartphone's position and orientation on the wrist is not critical for the measurement as long as its longest axis is largely parallel to the lower arm's axis. Due to its shape, the phone lies flatly on the plane defined by ulna and radius and the armband keeps the orientation along the lower arm's axis, so this condition is easy to satisfy. During exercise, care should be taken that acceleration forces allow for measuring angles. Translating accelerometer values into angles can be done only when the device is at rest, in which case only the Earth gravity's acceleration is measured. As long as the patient must make an effort to reach the full extension/flexion range, the arm movements are slow enough that, at least on the range limits, they can be assumed to stop. With the recovery progress, movements become faster and this condition is harder to meet. When the patient can exhaust the full motion range without effort, the movements can become so fast that no reliable angle measurement is possible. The motion frequency, however, can always be measured and remains a stable indicator of recovery progress. It has been shown that excessive acceleration values coincide with high motion frequencies. Thus, high frequency could be used as an indicator of possible invalid measurement and to provide a warning to the patient during exercise. This is subject to further research.
